Introduction
============

The zinc finger domain is an ancient structural motif containing conserved cysteine and histidine ligands, which mediates protein--protein interactions and binds both DNA and RNA \[[@b1]-[@b3]\]. More than 20 classes of structurally distinct modules, termed ZNFs, have been identified, and the classical C2H2-type ZNFs have been proven to be common in complex organisms. In humans, more than 15,000 such domains are predicted to exist in about 1000 different proteins \[[@b4], [@b5]\]. Many multifunctional zinc finger proteins, such as CTCF, WT1, GLI, ZNF74 and A20, are linked to human development and diseases \[[@b6]-[@b9]\]. For instance, mutations in the human *WT1* gene are responsible for the development of Wilms's tumour \[[@b10],[@b11]\]; A20, which is a member of the zinc finger protein family and acts as a key regulator of NF-κB activity, has recently been identified as a novel tumour suppressor gene in Hodgkin's lymphoma and primary mediastinal B-cell lymphoma \[[@b12]\]. Furthermore, several zinc finger proteins have been shown to be required in morphogenesis and neoplastic transformation \[[@b13]-[@b15]\]. However, the mechanism by which these zinc finger proteins (ZFPs) contribute to tumourigenesis is largely unknown.

*ZNF300*, a novel *KRAB/C~2~H~2~* gene encoding a 68-kD ZFP, was originally cloned from a human early embryo \[[@b16]\]. *ZNF300* is expressed primarily in heart, skeletal muscle and brain, and the KRAB domain of the ZNF300 protein exhibits transcriptional repressor activity \[[@b16]\]. ZNF300 binds to C(t/a)GGGGG(g/c)G sequences that are found in the promoter regions of some genes, such as those encoding IL-2, IL-2Rβ, CD44, p53, tumour necrosis factor-α (TNF-α) and TNF-α receptor associated factor 2 (TRAF2), which play crucial roles in cell proliferation, apoptosis and immune response. Endogenous ZNF300 binds directly to the *IL2RB* gene promoter and potentially activates its expression \[[@b17], [@b18]\]. Moreover, ZNF300 is located on chromosome 5q33.1, the deletion of which is a frequent clonal chromosomal abnormality in human myelodysplastic syndrome (MDS, a pre-leucemic disorder) \[[@b19]\]. More recently, *ZNF300* was identified as one of the genes most strongly associated with Crohn's disease, a chronic disorder that causes inflammation of the digestive tract \[[@b20]\]. Thus, the literature suggests that ZNF300 may play an important role in cell proliferation, cell apoptosis, cell differentiation, embryonic development, tumour transformation and immune response.

Evidence from the past decade has shown a close link between inflammation and tumourigenesis. Up to 20% of cancers are linked to chronic inflammation. The tumour microenvironment, which is largely orchestrated by inflammatory cells, is an indispensable participant in the neoplastic process, fostering proliferation, survival and migration \[[@b21], [@b22]\]. One of the most well-studied factors, NF-κB, functions as a direct link between inflammation and cancer \[[@b23]\]. Activating NF-κB can lead to the production of more cytokines, which, in turn, attract more inflammatory cells into the tumour. ZFPs, such as A20 and KLF4, play important roles in immune regulation and inflammation \[[@b24]\]. Thus, ZFPs are also candidates that may act as links between inflammation and cancers.

We report that ZNF300 promotes tumour progression by modulating NF-κB pathway. We found that exogenous pro-inflammatory factors induced ZNF300 expression, which further induced NF-κB activity, a critical factor mediating inflammation. Overexpression of ZNF300 further induced IL-6 and IL-8, which may exacerbate inflammation and promote tumour metastasis. The induction of IL-6 and IL-8 promoted tumour metastasis in a xenograft mouse model. We therefore identified a unique regulatory pathway in humans that is absent in mice and revealed a novel function for ZNF300 that may bridge inflammation and tumour development.

Materials and methods
=====================

Plasmids construction
---------------------

pEGFP-N1 was obtained from Clontech, Inc. (Mountain view, CA, USA) pGL3(−800/+95) contained the full promoter region of *ZNF300*. Nested PCR was used to clone the 5' flanking region of *TRAF2*. The first primer pair was TRAF2-s (sense)/TRAF2-a (antisense). The primer pairs TRAF2-nest-s/TRAF2-nest-a, TRAF2-nest-a/TRAF2-S1-s and TRAF2-S2-a/TRAF2-nest-s were used to clone pGL3-TRAF2-W, pGL3-TRAF2-S1 and pGL3-TRAF2-S2, respectively. A mutation in the *TRAF2* ZNF300 binding site and in the c-Ets-2 binding site was introduced using the overlap extension PCR method, using primer pairs TRAF2-mut-a/TRAF2-mut-s and Ets-2-mut-a/Ets-2-mut-s, respectively.

The full-length *ZNF300* was cloned into the pCMV vector (kindly provided by Prof. Daowen Wang, Huazhong University of Science and Technology), pCDNA3.0 and the pIRES-EGFP vector, to create pCMV-ZNF300, pCDNA-ZNF300 and pCMV-ZNF300-IRES-EGFP, respectively. The full-length antisense cDNA of *ZNF300* was also cloned into pCMV and pIRES-EGFP to create pCMV-AS-ZNF300 and pCMV-AS-ZNF300-IRES-EGFP, respectively.

pM-ZNF300 and pV-IKKβ were constructed using primer sets PM-ZNF300-s/PM-ZNF300-a and PV-IKKβ-s/PV-IKKβ-a, respectively.

Cell lines, TNF-α and LPS treatment and transient transfection
--------------------------------------------------------------

The human cervical cancer derived HeLa cell line was purchased from CCTCC (Wuhan, China) and cultured in DMEM at 37°C in 5% CO~2~. HeLa cells were seeded at 2 χ 10^6^/well and treated with TNF-α (10 ng/ml) or LPS (200 ng/ml) (Sigma-Alrich, St. Louis, MO, USA). Protein samples were collected at 24, 48, and 72 hrs after treatment for Western blot analysis. HeLa cells were grown in 6-well plates to 60% confluence and transiently co-transfected with empty vector, pCMV-ZNF300 or pCMV-AS-ZNF300 in combination with a series of *ZNF300* or *TRAF2* reporter constructs using Lipofectamine 2000 reagent (Invitrogen, Grand Island, NY, USA) following the manufacturer's instructions. A single plate of transfected cells were then used to set up the experimental cultures required for various downstream assays.

Dual luciferase assay
---------------------

Transient transfection was performed as previously reported \[[@b17]\]. To test the transcriptional regulation of ZNF300 at the *TRAF2* gene promoter, the expression vector pCDNA-ZNF300 was co-transfected into HeLa cells with pGL3-TRAF2 or a luciferase reporter driven by a composite promoter containing three copies of the wild-type NF-κB responsive element (three times NF-κB-Luc) \[[@b34]\]. pRL-TK expressing Renilla luciferase constitutively was used as an internal control for all dual luciferase assay experiments.

Establishment of stable ZNF300 overexpressing and ZNF300 knockdown cell lines and colony assays
-----------------------------------------------------------------------------------------------

Approximately 5 χ 10^5^/well HeLa cells were seeded. After 24 hrs of incubation at 37°C and 5% CO~2~, the cells were gently washed with 2 ml of PBS and transfected with pCMV-ZNF300-IRES-EGFP, pCMV-AS-ZNF300-IRES-EGFP or empty vector using Lipofectamine 2000, following the manufacturer's protocol. At 24 hrs after transfection, standard medium was replaced with medium containing 600 ng/ml G418 for selection. After 1--2 weeks, the colonies that survived the G418 screening were counted and detected using a fluorescence microscope to identify GFP-positive cells. The expression of ZNF300 in selected colonies was examined by Western blot. After ensuring the overexpression of the *ZNF300* gene, negative or positive colonies were grown in 6-well plates and used for various assays.

RT-PCR analysis
---------------

Total RNA (1 μg, extracted using Trizol reagent according to the manufacturer's instructions) from HeLa cell lines was reverse-transcribed using oligo (dT) and subjected to PCR with an RNA PCR kit (Takara, Kyoto, Japan). The primers used for PCR amplification (35 cycles) with *Taq* polymerase are shown in Table S1. The amplified products were separated on a 1.5% agarose gel and photographed.

MTT assay
---------

Cell viability was determined using the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) dye uptake method as reported \[[@b35], [@b36]\].

ELISA analysis
--------------

HeLa cells were seeded at a density of 10^5^/ml in 24-well culture plates and transiently transfected as described earlier. Forty-eight hours after transfection, the supernatant was collected; IL-6 and IL-8 production in the supernatant was measured by ELISA, using a human IL-6 Minikit and IL-8 Minikit (Endogen, Woburn, MA, USA) according to the manufacturer's instructions.

Western blotting
----------------

Western blot analysis was performed as previously reported \[[@b17]\]. Antibodies against phospho-ERK1/2, ERK1/2, c-myc, p21^waf-1^ and p27^Kip1^ (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used to examine ERK/c-myc pathway activity and cell cycle proteins. Antibodies against TRAF2 (Cell Signaling Technology, Inc., Danvers, MA, USA) and phosphorylated IκB kinase (IKK; Invitrogen) were used to analyse NF-κB pathway activity. GAPDH (Santa Cruz Biotechnology) or β-actin antibody was used as a loading control. The ECL Western blot detection kit was purchased from Millipore Ltd. (Watford, UK).

Chromatin immunoprecipitation (ChIP) assay
------------------------------------------

The ChIP assay was performed as described previously \[[@b37]\]. Briefly, HeLa cells were cross-linked with 1% formaldehyde at 37°C for 15 min. Cells were lysed in lysis buffer (1% SDS, 10 mM EDTA and 50 mM Tris-HCl, pH 8.0) and DNA was sheared into fragments of 150--600 bp by sonication. The cell lysate was pre-cleared using 2 μg of sheared salmon sperm DNA (Invitrogen) and 40 μl of protein A-Sepharose (50% slurry in dilution buffer; Sigma-Aldrich) for 6 hrs at 4°C. Supernatants were collected after centrifugation at low speed and subjected to immunoprecipitation with 5 μl of polyclonal anti-ZNF300 antibody overnight at 4°C. In parallel, supernatants were incubated with anti-GFP antibody (Santa Cruz Biotechnology) or without antibody as controls. Then, 40 μl of protein A-Sepharose were added to incubate for 4 hrs. After spinning down at low speed, the pellets were washed and extracted with 1% SDS (v/v), 0.1M NaHCO~3~, and heated at 65°C overnight to reverse the cross-links. DNA fragments were precipitated with 3 volumes of 100% ethanol and 0.1 volumes of 3M ammonium acetate and resuspended in 25 μl TE buffer. PCR amplification was performed with 35 cycles using the primers TRAF2-chip-S1/TRAF2-chip-A1 for the promoter region and TRAF2chip-dzs/TRAF2chip-dza as the negative control (Table S1).

Protein interaction analysis
----------------------------

Co-immunoprecipitation was performed as previously reported \[[@b38]\]. Briefly, HeLa cells were collected and washed in PBS, then cells were lysed in lysis buffer (50 mM HEPES, pH 7.5, 250 mM NaCl, 0.1% Nonidet P-40, 1 mM EDTA and 1 mM dithiothreitol) containing 1 mM phenylmethylsulfonyl fluoride, 1 μg/ml leupeptin and 1 μg/ml aprotinin. The cell lysates were pre-cleared with protein G-Sepharose (Amersham Pharmacia Biotech, Piscataway, NJ, USA) for 2 hrs at 4°C and centrifuged at low speed to collect the supernatant. The pre-cleared HeLa extracts were immunoprecipitated with rabbit anti-ZNF300 antibody or rabbit IgG (control; Pierce Biotechnology, Inc., Rockford, IL, USA), and the immunoprecipitates were subjected to Western blot with anti-ZNF300 or anti-IKKβ, respectively.

Immunofluorescence and confocal microscopy were carried out as previously reported \[[@b39]\]. IKKβ was visualized with a mouse anti-IKKβ monoclonal antibody (1:300, sc-8014; Santa Cruz Biotechnology) and a tetramethyl rhodamine isothiocyanate-conjugated goat antimouse secondary antibody (ProteinTech Group, Chicago, IL, USA), whereas ZNF300 was detected with the rabbit anti-ZNF300 antibody and a fluorescein isothiocyanate-conjugated goat anti-rabbit secondary antibody (ProteinTech Group). Cell nuclei were then stained for 10 min. at 37°C using 0.5 mg/ml of DAPI in PBS.

The Matchmaker Mammalian Assay Kit 2 (Clontech, Inc.) was employed for the mammalian two-hybrid assay, except the *SEAP* reporter gene of pG5SEAP was replaced with the Firefly *luciferase* reporter gene. The expression vector pM-ZNF300, which expresses a fusion protein of the DNA binding domain of GAL4 (GAL4-DBD) with ZNF300, was co-transfected with the pV-IKKβ vector, which expresses a fusion protein of the transactivation domain of the herpes simplex virus VP16 protein (VP16AD) with IKKβ, as well as the Firefly *luciferase* reporter construct pG5LUC (containing five consensus GAL4 binding sites and the minimal promoter of the adenovirus *E1B* gene driving the *luciferase* gene) and an internal control vector, pRL-TK, into HeLa cells. Dual luciferase assays were performed as described earlier. Fold induction was calculated by dividing the values obtained with the individual samples by the values obtained with the pM(GAL4-DBD) and pV(VP16AD) constructs. Mean values were calculated from at least three independent experiments with triplicate measurements.

Murine xenograft model experiments
----------------------------------

Forty nude mice (4 weeks old, 20--25 g, the Center for Disease Control of Hubei Province, China) were randomly divided into four groups (*n* = 10) and subsequently injected subcutaneously with 200 μl of saline (Control) or with HeLa cells (∼1.5 χ 10^6^ cells) stably transfected with a GFP construct, the ZNF300-overexpression construct or the ZNF300-knockdown construct, and maintained in an aseptic facility. Tumour growth was monitored every 3 days by measuring tumour size using a caliper, and the size of the tumour was determined by the following formula \[[@b40]\]: volume = (length χ width^2^) χ 0.4. Approximately 30 days later, the mice were sacrificed. Tumours and other tissues were harvested and fixed in 10% formalin, embedded in paraffin, sectioned at 4 μm and stained with haematoxylin and eosin or immunohistochemically stained with anti-ZNF300 antibody. Mouse sera were collected for ELISA assay.

Statistical analysis
--------------------

Data are expressed as mean ± S.D. from at least three independent experiments, and statistical significance was analysed using paired or unpaired Student's *t*-test or one-way ANOVA followed by a Student--Neuman--Keuls test. *P* \< 0.05 was considered statistically significant.

Results
=======

TNF-α and LPS induce ZNF300 expression in HeLa cells
----------------------------------------------------

ZNF300 is expressed in many tissues during early embryogenesis \[[@b16]\]. The findings of high level of ZNF300 expression in embryonic liver \[[@b16]\] and several types of cancer biopsies (data not shown) promoted us to link ZNF300 expression with inflammation. To test whether inflammation could induce ZNF300 expression, we treated HeLa cells with TNF-α (10 ng/ml) or LPS (200 ng/ml) and measured ZNF300 expression. ZNF300 expression was elevated dynamically by either TNF-α or LPS treatment ([Fig. 1A](#fig01){ref-type="fig"}). With TESS online prediction program, we identified that there was a binding site for c-Ets-2 in the proximal region of ZNF300 promoter. Luciferase assay showed that the ZNF300 promoter with the wild-type putative c-Ets-2 binding site (WT) was dramatically up-regulated upon TNF-α stimulation ([Fig. 1B](#fig01){ref-type="fig"}) or LPS treatment ([Fig. 1C](#fig01){ref-type="fig"}). In contrast, when the putative c-Ets-2 binding site was inactivated through PCR-mediated mutagenesis, gene expression from the mutated promoter (Ets2-mut) was significantly reduced under the same condition of TNF-α stimulation ([Fig. 1B](#fig01){ref-type="fig"}) or LPS treatment ([Fig. 1C](#fig01){ref-type="fig"}), respectively, compared to that from the WT promoter.

![TNF-α/ActD and LPS induced ZNF300 expression in HeLa cells. (A) Time course of TNF-α/ActD or LPS induced up-regulation on ZNF300 expression as revealed by Western blot. β-Action served as loading control. (B, C) The wild-type *ZNF300* promoter (WT) or a mutant ZNF300 promoter (Ets2-mut, whose Ets-2 binding site was inactivated) driving luciferase expression was transfected into cells that were treated with TNF-α (B) or LPS (C). Then luciferase activity was assayed after 48 hrs. F/R represents the ratio of Firefly luciferase activity to Renilla luciferase activity. The F/R for WT without TNF-α or LPS treatment was set at 100%, respectively.](jcmm0016-1134-f1){#fig01}

ZNF300 overexpression promotes cancer cell growth through NF-κB pathway
-----------------------------------------------------------------------

Inflammation promotes tumour development, which involves cancer cell proliferation. To investigate the effect of ZNF300 on cell growth, the ZNF300 expression vector pCMV-ZNF300 or antisense ZNF300 expression vector pCMV-AS-ZNF300 was transiently transfected into HeLa cells. Western blots showed that the pCMV-ZNF300 effectively increased ZNF300 expression and that pCMV-AS-ZNF300 significantly knocked down ZNF300expression ([Fig. 2A](#fig02){ref-type="fig"}). An MTT assay showed that transient transfection of pCMV-ZNF300 promoted cell growth in a time-dependent ([Fig. 2B](#fig02){ref-type="fig"}) and dose-dependent manner ([Fig. 2C](#fig02){ref-type="fig"}). In contrast, knocking down ZNF300 expression through pCMV-AS-ZNF300 transfection slowed down cell growth in a time-dependent ([Fig. 2B](#fig02){ref-type="fig"}) and dose-dependent manner ([Fig. 2C](#fig02){ref-type="fig"}). These results indicate that ZNF300 has a cell growth promoting effect and knocking down ZNF300 expression inhibits cell growth.

![ZNF300 promotes cell proliferation through the NF-κB--dependent pathway. (A) Western blots showed that the pCMV-ZNF300 (ZNF300) effectively increased ZNF300 expression and that pCMV-AS-ZNF300 (ZNF300-AS) significantly knocked down ZNF300expression. (B) Time course of HeLa cell proliferation stimulated by ZNF300 overexpression. \**P* \< 0.05. (C) Dose dependence of the stimulation on HeLa cell proliferation induced by ZNF300 overexpression. Different amounts of the construct pCMV-GFP (GFP), pCMV-ZNF300 or pCMV-AS-ZNF300 were transiently transfected into HeLa cells, and the MTT assay was preformed after 48 hrs; \**P* \< 0.05. (D) ZNF300 expression regulates cell proliferation-related gene expression in HeLa cells. Forty-eight hours after transfecting pCMV-GFP (GFP), pCMV-ZNF300 (ZNF300) or pCMV-AS-ZNF300 (ZNF300-AS) in HeLa cells, cell lysates were prepared for Western blot using the antibodies indicated. (E) Dual luciferase assays of pcDNA-ZNF300 (ZNF300) transiently co-transfected with the three times NF-κB-Luc reporter in HeLa cells for 48 hrs. The ratio F/R for the three times NF-κB-Luc reporter co-transfected with pcDNA3.0 (GFP) was set at 100%; \**P* \< 0.05. (F, G) Construct as indicated was transfected into HeLa cells, respectively, and ELISA assay was performed to measure the levels of secreted IL-6 (F) and IL-8 (G); \**P* \< 0.05.](jcmm0016-1134-f2){#fig02}

Western blot analysis was used to evaluate the expression ofERK, c-myc, p21^waf-1^ and p27^Kip1^, which are associated with the cell cycle. We found that the overexpression of ZNF300 increased the phosphorylation of ERK and the expression of *c-myc* but decreased the expression of p21^waf-1^ and p27^Kip1^ ([Fig. 2D](#fig02){ref-type="fig"}). In addition, knocking down ZNF300 expression resulted in decreased ERK phosphorylation and c-myc expression and increased p21^waf-1^ and p27^Kip1^ expression ([Fig. 2D](#fig02){ref-type="fig"}). The expression of p21^waf-1^ and p27^Kip1^, which are cyclin-dependent kinase inhibitors, was previously reported to be suppressed by the ERK/c-myc pathway \[[@b25]\], all of which belong to the NF-κB signalling pathway. These results suggest that ZNF300 plays a role in the NF-κB signalling pathway.

Then we examined whether ZNF300 broadly regulated the NF-κB pathway. To test this, an NF-κB--dependent promoter reporter (three times NF-κB-Luc), in which the Firefly *luciferase* gene is driven by a promoter containing three copies of the NF-κB binding site, was transiently co-transfected into HeLa cells with pcDNA-ZNF300 or pcDNA3.0, respectively. Forty-eight hours after transfection, cells were harvested for dual luciferase assay. The data indicated that overexpression of ZNF300 in HeLa cells significantly promoted the activity of the NF-κB--dependent promoter ([Fig. 2E](#fig02){ref-type="fig"}).

IL-6 and IL-8 are downstream target genes of NF-κB, and higher secreted levels of these cytokines stimulate cancer cell growth. To test whether ZNF300 regulated IL-6 or IL-8 secretion in the NF-κB pathway, we examined the effect of ZNF300 on IL-6 and IL-8 secretion. Overexpression of ZNF300 promoted the secretion of IL-6 and IL-8, whereas knockdown of ZNF300 slightly decreased the secretion of IL-6 and IL-8 ([Fig. 2F](#fig02){ref-type="fig"} and G). Together, all these results indicate that ZNF300 overexpression promotes cancer cell growth through NF-κB pathway.

ZNF300 regulates transcription of *TRAF2*
-----------------------------------------

We next explored how ZNF300 regulate the NF-κB pathway. Our previous study had indicated the presence of putative ZNF300 binding sites (C(t/a)GGGGG(g/c)G) in the promoter regions of genes such as *IL2RB*, *CD44* and *TRAF2* \[[@b17], [@b18]\]. Here, we focused on the putative ZNF300 binding site in the proximity of the promoter of the gene-encoding TRAF2 ([Fig. 3A](#fig03){ref-type="fig"}), which is a member of the TRAF protein family that plays important roles in TNF-α-induced NF-κB activation \[[@b26]\].

![ZNF300 promotes *TRAF2* gene expression. (A) Schematic diagram of the human *TRAF2* gene promoters used to drive firefly *luciferase* gene expression in transient transfection experiments. The wild-type promoter and the truncated promoters with or without ZNF300 binding sites deleted are depicted as TRAF2-W, TRAF2-S1 and TRAF2-S2, respectively, whereas the promoter with a mutated ZNF300 binding site is depicted as TRAF2-M. The transcription start site was designated as '+1' and the putative ZNF300 binding site is boxed. (B) Dual luciferase assay showing that ZNF300 binding site is required for ZNF300 promotion on TRAF2 promoter activity; \**P* \< 0.05. Note that overexpression of ZNF300, but not of GFP, increased promoter activity of *TRAF2-W*. (C) Binding of ZNF300 to the promoter of *TRAF2* was analysed by ChIP assays using the anti-ZNF300 antibodies. Anti-ZNF300 antibody was used in immunoprecipitation for endogenous ZNF300 binding on HeLa cell chromatin and anti-GFP was used as a control. PCR analysis of the input (Input), of the precipitates in the absence of antibody (No antibody), and of the immunoprecipitated DNA with anti-ZNF300 (Anti-ZNF300) or anti-GFP (Anti-GFP) was performed. Top: Schematic presentation showing the relative position of ZNF300-chip primers amplifying the region encompassing the putative ZNF300 binding site (Target) or control primers amplifying the region about 2kb upstream of the putative ZNF300 binding site (Control); middle: PCR with ZNF300-chip primers; bottom: PCR with control primers. The transcription start site was designated as '+1' and the putative ZNF300 binding site is boxed. (D, E) ZNF300 expression regulates TRAF2 expression *in vivo*. Constructs overexpressing GFP, ZNF300 or ZNF300 antisense RNA (AS-ZNF300) were transiently transfected into HeLa cells. Forty-eight hours after transfection, RT-PCR (D) and Western blot (E) were carried out to detect the expression of ZNF300 and TRAF2. GAPDH served as a loading control.](jcmm0016-1134-f3){#fig03}

To define the essential elements of the *TRAF2* promoter, a putative promoter construct ([Fig. 3A](#fig03){ref-type="fig"}) encompassing −1565 to +344 (+1 corresponds to the transcription start site, TSS), −460 to +344 or −1565 to −154 bp of *TRAF2* was individually cloned into pGL3-basic (Promega) to generate the construct TRAF2-W, TRAF2-S1 (deletion of the 5' end of the cloned promoter but containing the putative ZNF300 binding site) or TRAF2-S2 (deletion of the 3' end and lacking the ZNF300 binding site), respectively. The mutant type of TRAF2 promoter was constructed and named as TRAF2-M (harbouring a inactive mutant ZNF300 binding site). These constructs were co-transfected with pCDNA-ZNF300 or pCDNA3.0 into HeLa cells for dual luciferase. Quantitative analysis of luciferase activity ([Fig. 3B](#fig03){ref-type="fig"}) showed that overexpression of ZNF300, but not of GFP, increased promoter activity of *TRAF2-W*; and mutation inactivating the putative ZNF300 binding site within the promoter (TRAF2-M) markedly reduced the ZNF300-induced promoter activity ([Fig. 3B](#fig03){ref-type="fig"}). In case of deletion assays on the promoter, the promoter activity of TRAF2-S1 with deletions up to −460 bp from the 5' end (−1565 bp) reduced slightly whereas the activity of the TRAF2-S2 promoter, in which the putative ZNF300 binding site was deleted, decreased significantly ([Fig. 3B](#fig03){ref-type="fig"}). These findings demonstrate that the putative ZNF300 binding site (TTGGGGG, −19 to −27) within the human *TRAF2* promoter plays a critical role in the promoter activity.

To demonstrate if ZNF300 binds with the putative ZNF300 binding site of the TRAF2 promoter, we conducted EMSA analysis with HeLa nuclear extract on oligos encompassing the region of the putative ZNF300 binding site (WT probe). The data demonstrated that the HeLa nuclear extract caused the labelled WT probe to shift in gels which could be competed by unlabelled WT probe but not unlabelled mutant probe that was known to lack ZNF300 binding ability (Fig. S1). Anti-ZNF300 antibody reduced the density of the shifted band of labelled WT probe/HeLa nuclear extract (Fig. S1), suggesting the shift of the WT probe caused by the HeLa nuclear extract was due to the endogenous ZNF300 in the nuclear extract. To investigate whether the putative ZNF300 binding site in the proximal promoter of *TRAF2* could interact with ZNF300 *in vivo*, ChIP analysis was performed in HeLa cells. As shown in [Figure 3C](#fig03){ref-type="fig"}, a 334-bp fragment was detected when TRAF2-chip-sense/TRAF2-chip-antisense primers (−318 to +15) were used to amplify the immunoprecipitates pulled down with anti-ZNF300 antibody (lane 1, [Fig. 3C](#fig03){ref-type="fig"}, middle panel) or the input (lane 4, [Fig. 3C](#fig03){ref-type="fig"}, middle panel), but not with anti-GFP antibody (lane 2, [Fig. 3C](#fig03){ref-type="fig"}, middle panel) or when no antibody was added (lane 3, [Fig. 3C](#fig03){ref-type="fig"}, middle panel). PCR amplification with control primers TRAF2-chip-dzs/TRAF2-chip-dza ([Fig. 3C](#fig03){ref-type="fig"}, bottom panel) failed to generate a product from the anti-ZNF300 immunoprecipitates (lane 2, [Fig. 3C](#fig03){ref-type="fig"}, bottom panel), but the primer pair amplified the input DNA extensively (lane 1, [Fig. 3C](#fig03){ref-type="fig"}, bottom panel). These results indicate that the transcription factor ZNF300 bound to the putative ZNF300 binding site, C(t/a)GGGGG(g/c)G, in the *TRAF2* promoter region *in vivo.*

Having demonstrated that ZNF300 binds to the putative ZNF300 binding site in the proximity of the *TRAF2* promoter, we examined whether ZNF300 regulates *TRAF2* gene expression. RT-PCR and Western blot analysis showed that overexpression of ZNF300 in HeLa cells enhanced the expression of TRAF2, whereas knocking down ZNF300 inhibited TRAF2 expression ([Fig. 3D](#fig03){ref-type="fig"} and E). These results indicate that ZNF300 promotes the expression of TRAF2, which could further activate the NF-κB pathway.

ZNF300 protein interacts with IKKβ protein
------------------------------------------

As discussed earlier, overexpression of ZNF300 affects the NF-κB signalling pathway by regulating the transcription of TRAF2. The IKK complex is at the convergent point of the NF-κB signalling pathway. We therefore examined whether ZNF300 could affect NF-κB activity by interacting with the IKK complex and modifying its activity. We investigated whether endogenous IKKβ and ZNF300 were co-localized within the cell using immunofluorescent and confocal microscopic analysis of these proteins in HeLa cells. As shown in [Figure 4A](#fig04){ref-type="fig"}, ZNF300 was distributed in both the cytoplasm and the nucleus (panel a, [Fig. 4A](#fig04){ref-type="fig"}), whereas IKKβ was exclusively located in the cytoplasm (panel b, [Fig. 4A](#fig04){ref-type="fig"}). DAPI staining was used to visualize the nuclear region (panel d, [Fig. 4A](#fig04){ref-type="fig"}). Together, these results indicate that IKKβ and ZNF300 are co-localized within similar regions of the cytoplasm (panel c).

![ZNF300 interacts with IKKβ. (A) Cofocal microscopic assays were used to investigate the co-localization of endogenous ZNF300 with IKKβ in HeLa cells. DAPI was used to stain nuclei (d). (B) HeLa cell lysates were immunoprecipitated (IP) with IgG or anti-ZNF300 antibody, and Western blot was performed with anti-IKKβ or anti-ZNF300 antibody. (C) Schematic representation of the mammalian two-hybrid system used in this study. (D) Interaction of ZNF300 with IKKβ. Plasmids pM or pM-ZNF300 was co-transfected with either pV or pV-IKKβ, respectively, together with pG5LUC. pRL-TK was used as an internal control. Forty-eight hours after transfection, a dual luciferase assay was performed; \**P* \< 0.05. (E) Western blot analysis showing overexpression of ZNF300 significantly increased the phosphorylation of IKK 30 min. after TNF-α treatment whereas total IKK was constant.](jcmm0016-1134-f4){#fig04}

To further investigate whether endogenous ZNF300 interacted with IKKβ in HeLa cells, co-immunoprecipitation assays were employed. Endogenous IKKβ was detected by anti-IKKβ antibody ([Fig. 4B](#fig04){ref-type="fig"}, lane 2) in anti-ZNF300 immunoprecipitates containing ZNF300 ([Fig. 4B](#fig04){ref-type="fig"}, lane 4), but not in control IgG immunoprecipitates ([Fig. 4B](#fig04){ref-type="fig"}, lane 1) that lacked ZNF300 ([Fig. 4B](#fig04){ref-type="fig"}, lane 3), confirming a potential association of IKKβ and ZNF300 *in vivo.*

To examine if the *in vivo* interaction of ZNF300 with IKKβ was functional, we employed a mammalian two-hybrid assay. pM-ZNF300, which encodes a fusion protein of GAL DNA binding domain (Gal4-DBD) and ZNF300, was co-transfected into HeLa cells with the pV-IKKβ vector, which expresses a fused protein of the VP16 transactivation domain (VP16AD) and IKKβ ([Fig. 4C](#fig04){ref-type="fig"}). As shown in [Figure 4D](#fig04){ref-type="fig"}, pM-ZNF300 and pV-IKKβ together promoted transcription, whereas GAL4-DBD alone (pM) did not significantly affect transcription in the presence of either VP16AD alone (pV) or pV-IKKβ. Similarly, transcription was not significantly altered when PM-ZNF300 was co-transfected with VP16AD alone (pV). These results indicate that ZNF300 functionally interacts with IKKβ *in vivo*.

The phosphorylation of the IKK complex is crucial for its inactivation of the IκB proteins and thus for the control of NF-κB activity. To show that the interaction between ZNF300 and IKKβ was able to activate the NF-κB signalling pathway, Western blots were performed to examine whether ZNF300 overexpression enhanced the phosphorylation of IKK. After performing transient transfection as described earlier, HeLa cells were treated with TNF-α, and the cell lysates were collected for Western blot analysis using an anti-phospho-IKK antibody. As shown in [Figure 4E](#fig04){ref-type="fig"}, with TNF-α treatment, ZNF300 overexpression enhanced the phosphorylation of IKK, while the level of unphosphorylated IKKβ was constant. These results indicate that ZNF300 overexpression could activate the kinase activity of IKKβ and further enhance the NF-κB activity.

ZNF300 overexpression promotes colony formation and cell viability of transfected HeLa cells
--------------------------------------------------------------------------------------------

To confirm that ZNF300 overexpression promotes cancer cell growth through the activation of the NF-κB--dependent pathway, we established HeLa cell lines stably transfected with pCMV-ZNF300-IRES-EGFP to overexpress ZNF300, with pCMV-AS-ZNF300-IRES-EGFP to knock down ZNF300 or with the empty vector as a control, in preparation for the construction of murine xenograft models. After 2 weeks of selection in G418, colonies were counted and detected using a fluorescent microscope to identify GFP-positive cells. Compared to the transfection with empty vector, there was increased colony formation after transfection with ZNF300 and significantly decreased colony formation in the AS-ZNF300--transfected group ([Fig. 5A](#fig05){ref-type="fig"}). Western blot analysis revealed that stably transfected HeLa cells expressed ZNF300 at different levels ([Fig. 5B](#fig05){ref-type="fig"}). We selected three clones stably overexpressing ZNF300 at three different levels, which we named ZNF300(+)C1, C2 and C3. In addition, we isolated one clone from the antisense-ZNF300 group (AS-ZNF300*)* and one clone from the empty vector-transfected (GFP control) group ([Fig. 5B](#fig05){ref-type="fig"}). MTT assays showed that the cell viability of ZNF300-overexpressing clones ZNF300(+)C1, C2 and C3 increased in dose-dependent manner consistent with the expression level of ZNF300(all higher than control group; [Fig. 5C](#fig05){ref-type="fig"}). In contrast, the AS-*Z*NF300 clone had the opposite effect on cell viability ([Fig. 5C](#fig05){ref-type="fig"}) over time. These results suggest that overexpression of ZNF300 promotes cancer cell growth *in vitro*.

![ZNF300 expression promotes colony formation and cell viability of the transfected HeLa cells. (A) ZNF300 expression promotes colony formation. HeLa cells were transfected with pCMV-ZNF300-IRES-EGFP or pCMV-AS-ZNF300-IRES-EGFP to overexpress ZNF300 or antisense ZNF300 RNA, respectively, and subjected to G418 selection. HeLa cells transfected with empty vector served as a control. After 2 weeks of selection in G418, colonies were counted, and the viability of empty vector transfected cells was set at 100%. \**P* \< 0.05. (B) Colonies were picked and subjected to Western blot analysis with anti-ZNF300 antibody. The clones from the empty vector transfection (GFP) served as a control. (C) ZNF300 promotes cell viability of the stably transfected clones. Stably transfected cells were cultured under the same conditions, and cell viability was measured daily by MTT assay.](jcmm0016-1134-f5){#fig05}

ZNF300 overexpression enhances tumour formation and metastasis in murine xenograft model
----------------------------------------------------------------------------------------

To test if ZNF300 promotes tumourigenesis *in vivo*, we selected the ZNF300(+)C3 and AS-ZNF300 clones described earlier for xenograft model construction and the GFP clone as a control, which were named as ZNF300, AS-ZNF300 and GFP group, respectively. Approximately 1.5 χ 10^6^ cells of each clone were injected subcutaneously into male BALB/c-nu mice. The ZNF300 group showed a significant difference in the tumour formation rate compared with the GFP control and AS-ZNF300 groups. ZNF300 mice developed tumours earlier (day 7 *versus* day 10 in GFP control and day 13 in AS-ZNF300), with higher penetrance (70% of mice in the ZNF300 group developed tumours *versus* 30% in the control group and 0% in AS-ZNF300 group on day 13). On day 20, 100% of the mice in the ZNF300 group developed tumours, compared to 70% mice in the control group and 50% in the AS-ZNF300 group ([Fig. 6A](#fig06){ref-type="fig"}). A significant enhancement of tumour size was observed in mice injected with the stable ZNF300-overexpressing cell line compared to the GFP and AS-ZNF300 groups. In addition, tumour volume in the AS-ZNF300 group was slightly smaller than in the GFP control group ([Fig. 6B](#fig06){ref-type="fig"}).

![ZNF300 overexpression enhances tumour formation and metastasis in a murine xenograft model. (A) Tumour formation rates in the xenograft models. Nude mice were subcutaneously injected with HeLa cells stably transfected with GFP, ZNF300 or AS-ZNF300 constructs and monitored for tumour formation at different time points. (B) Tumour volume in the xenograft models was measured with a caliper. (C, D) ZNF300-overexpressing HeLa cells secrete elevated levels of IL-6 and IL-8 in the xenograft model. Sera were colleted to measure IL-6 (C) and IL-8 (D) by quantitative ELISA. \**P* \< 0.05. (E, F) Anatomic analysis of ZNF300 promotion of tumour formation and metastasis. Nude mice were sacrificed to obtain tumour tissues at the injected location as well as from lung and liver. (E) HE staining of sectioned tissues. (F) Immunohistochemical staining with anti-ZNF300 antibody.](jcmm0016-1134-f6){#fig06}

All of the animals were sacrificed 30 days after cancer cell injection, at which point blood sera were collected for IL-6 and IL-8 concentration determination by enzyme-linked immunosorbent assay (ELISA; [Fig. 6C](#fig06){ref-type="fig"} and D). Both IL-6 and IL-8 are transcriptionally regulated targets of NF-κB, and higher secreted levels of these cytokines stimulate cancer cell growth and contribute to metastasis. Elevation of their concentrations in serum might be utilized as a marker for monitoring cancer progression. The ELISA showed two- to threefold higher serum concentrations of IL-6 and IL-8 in ZNF300 mice compared to GFP controls. AS-ZNF300 had an opposite effect ([Fig. 6C](#fig06){ref-type="fig"} and D). These results confirm that ZNF300 overexpression can activate the NF-κB-dependent pathway, resulting in increased IL-6 and IL-8 secretion, which contributes to tumour growth and metastasis in murine xenograft models.

In addition, the mouse tumour, lung, liver and other tissue samples were collected for HE staining ([Fig. 6E](#fig06){ref-type="fig"}) and immunohistochemical analysis. Immunohistochemical analysis showed higher expression of the ZNF300 protein in tumour cells in the ZNF300 group than in the GFP control or AS-ZNF300 group ([Fig. 6F](#fig06){ref-type="fig"}, panels j, k and l). Interestingly, five of ten animals in the ZNF300 group showed metastasis of cancer cells into liver and lung, while no metastasis was observed in the GFP control or AS-ZNF300 animals ([Fig. 6E](#fig06){ref-type="fig"}, panels d--i). Immunohistochemical analysis showed that in cancer cells that had metastasized to liver and lung tissues, many cells had a higher expression of ZNF300 protein ([Fig. 6F](#fig06){ref-type="fig"}). These results indicate that the increased tumour size and metastasis by stably transfected HeLa cells were due to the overexpression of ZNF300.

Discussion
==========

Our previous studies have revealed several unique features of the *ZNF300* gene \[[@b16]\], suggesting that it plays a crucial role in cell proliferation, apoptosis and immune response \[[@b17]\]. In this study, we examined the mechanism by which ZNF300 exerts its function. We showed that TNF-α and LPS stimulation, both of which are major players in inflammation and NF-κB activators, up-regulated ZNF300 ([Fig. 1](#fig01){ref-type="fig"}). Furthermore, ZNF300 positively affected NF-κB signalling by up-regulating *TRAF2* expression and binding IKK. We also showed that overexpression of ZNF300 in HeLa cells in the present of TNF-α treatment led to increased phosphorylation on IKK, although the enhancement on phosphorylated IKK from overexpression of ZNF300 alone was weak or barely detectable ([Fig. 4E](#fig04){ref-type="fig"}). These results suggest that ZNF300 plays important roles in promoting IKK phosphorylation, although it may need other cofactors to help exert such a role. Nevertheless, we have therefore identified a unique signalling regulator in the human NF-κB-- dependent pathway (Fig. S2) and revealed several novel aspects of tumourigenesis and inflammation in humans.

Our findings highlight how human and mouse cells may behave differently, despite possessing conserved signalling pathways such as the NF-κB pathway. The NF-κB pathway is an important convergent point for various signalling pathways and participates in many physiological functions \[[@b27]\]. In this study, we identified ZNF300 as a novel regulatory factor promoting NF-κB pathway activity in human cells. This unique mechanism is not found in mouse cells because no ZNF300 gene or homologue has been identified in mouse cells. Such differences affect aspects of biological function such as the promotion of tumour colony formation *in vitro* and tumour formation *in vivo* by overexpression of ZNF300. Although the significance of such differences in tumour development remains unclear, we speculate that it may partially contribute to the inconsistent results found in many mouse models and clinical trials. It is known that many chemotherapeutic drugs that work well in mouse models have failed in clinical trials \[[@b28]\]. One can speculate that drug development based on mouse models may prove fruitless in humans due to these unique regulatory pathways that are only found in human and not in mouse cells. Our findings emphasize how cautious we should be when we evaluate the data from mouse studies. The extensive use of mouse models to approximate human cancer pathogenesis has yielded a wealth of insight into the mechanistic details of tumour progression in humans and mice. Nonetheless, the great evolutionary distance separating humans and mice has led to substantial differences in the biology of these two mammalian species \[[@b29]\]. Therefore, it is important to study the differences between mice and humans. These differences may reveal new targets or provide auxiliary targets to enhance existing tumour therapies.

Our study has shown that ZNF300 may bridge inflammation and tumourigenesis. Inflammation tightly correlates with tumourigenesis \[[@b30]\], and NF-κB is a critical factor mediating inflammation \[[@b31]\]. In this study, we found that proinflammatory factors such as TNF-α and LPS up-regulated ZNF300. Furthermore, overexpression of ZNF300 promoted colony formation *in vitro* and tumour formation *in vivo*, suggesting that *ZNF300* may be a putative oncogene. This evidence may directly link proinflammatory factors to a putative oncogene. Our findings also reveal that overexpression of ZNF300 can further enhance NF-κB signalling by up-regulating *TRAF2* and interacting with IKKβ. These pathways may each combine to exacerbate inflammation.

Our findings suggest that *ZNF300* may be a novel oncogene in humans. Many multifunctional zinc finger proteins, such as CTCF, WT1, GLI, ZNF74 and A20, have been linked to human development and disease, usually acting as oncogenic or tumour suppressor proteins \[[@b5]--[@b8], [@b32]\]. Previous studies have shown that *ZNF300* is associated with MDS \[[@b33]\] and Crohn's disease \[[@b20]\]. Our data demonstrate that ZNF300 may promote proliferation by suppressing p21 and p27 and activating NF-κB and ERK. This mechanism may not be the only one by which ZNF300 contributes to human disease. As a zinc finger protein, ZNF300 potentially regulates more target genes. Studies on global target genes or interacting partners of ZNF300 may reveal a more complete picture of the ZNF300 regulatory network and add new knowledge on human embryo and tumour development.

Taken together, our findings suggest that *ZNF300* acts as a potential oncogenic gene, is a downstream target gene of c-Ets-2 and is a potent activator of the NF-κB--dependent pathway, as depicted in Figure S2, ZNF300 is likely to be a novel molecular factor important in human embryogenesis, cancer progression and malignant transformation. This study can also provide insight into the mechanism of tumourigenesis caused by species-specific genes.
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###### 

ZNF300 bind to the putative binding site (TTGGGGG, −19 to −27) in the TRAF2 promoter. EMSA analysis was preformed with HeLa nuclear extract (lanes 2, 3, 4, 5, 6, 7). Labelled WT probe (putative ZNF300 binding site) probe was added to all reactions (lanes 1, 2, 3, 4, 5, 6, 7). Unlabelled wild-type WT probe (lane 3) or unlabelled mutant probe (lane 4) was added during preincubation prior to probe addition. Anti-ZNF300 antibody (lane 6) or anti-GFP antibody (lane 7) was incubated with nuclear extracts before adding to the reaction.

###### 

ZNF300 acts as a potential oncogenic gene through regulating NF-κB-dependent pathway. ZNF300 acts as a potential oncogenic gene and is a downstream target gene of c-Ets-2. ZNF300 can enhance NF-κB signalling by up-regulating TRAF2 and interacting with IKKβ. ZNF300 also suppresses p21 and p27 and activates ERK, but the mechanisms need to be identified.
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Gene specific primers and probes
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